The longstanding question as to whether carbon nanotubes are intrinsically toxic hinders their widespread industrial application. Here, we clarify the effect of impurities within such tubes through systemic studies of immunological responses in mice by monitoring and examining changes in peripheral T-cell subset and peripheral cytokine levels and histology. Contaminated and clean tubes were subcutaneously implanted in mice. The implanted tubes with impurities clearly induced immunological toxicity and localized alopecia, whereas extremely pure implanted tubes showed good biocompatibility. Our studies suggest that such high-temperature thermal treatment is an effective way to improve the biocompatibility of carbon nanotube.
Introduction
One-dimensional carbon nanotubes [1] are at the leading edge of the rapidly developing field of nanotechnology. Their unique size-dependent properties make them useful in many areas of human life [2] . Currently, one critical social factor limiting the industrial applications of carbon nanotubes [3] is the suspected, although controversial, toxicological results published relating to their use [4] [5] [6] [7] [8] . However, it remains to be determined which properties of carbon nanotubes (i.e., size, shape, aspect ratio, surface properties and impurities) directly contribute to the toxicity in mice implanted with such nanotubes. For example, carbon nanotubes are easily contaminated by disordered carbon, metallic impurities and polycyclic aromatic hydrocarbons (PAHs) during growth, by functional groups and defects during purification, and by dispersant agents during their administration in solution form; such impurities might have led to a misunderstanding of the intrinsic toxic nature of carbon nanotubes. Thus, an appropriate route for preparing highly pure, chemically inert, crystalline carbon nanotubes should be developed to avoid the effect of impurities within them. In addition, a reliable protocol for the direct comparative evaluation of the toxicities of a variety of carbon nanotubes should also be developed; currently there is as yet no such protocol owing to the poor understanding of the toxicological mechanisms of in vitro and in vivo responses associated with carbon nanotube implantation.
With the above background, it is necessary to evaluate the intrinsic toxic nature of carbon nanotubes using a reproducible and reliable protocol [7] , because impurities including catalyst particles within the tubes have been suggested to serve as a catalyst for oxidative stress [9] [10] [11] [12] [13] . Therefore, to determine whether impurities within the tubes lead to acute toxicity and up to what extent this toxicity depends on the amount of impurities, we controlled the remaining amount and types of impurities within the tubes by thermally treating highly contaminated as-grown tubes at 1800 and 2800 o C in argon.
Then we examined the immunological responses of subcutaneously implanted mice by monitoring in detail the changes in peripheral T-cell subset and peripheral cytokine levels and histology. We found that the origins of the toxicities acquired from the as-grown and the thermally treated tubes at 1800 o C are different. For the as-grown tubes, the disordered carbon including defects, PAHs, and functional groups give rise to acute toxicity, whereas for the tubes thermally treated at 1800 o C, a small amount of exposed iron on the outer surface of the tubes is oxidized rapidly to form water-insoluble ferric ions which induce toxicity. Extremely clean tubes, prepared at high-temperature thermal treatment of 2800 o C are shown to have excellent biocompatibility in this assay.
Experimental

Production of MWCNTs
In this study, carbon nanotubes were synthesized in a vertical tubular reactor, the so-called floating reactant method [14, 15] , using an organic-metallic compound (e.g., ferrocene) as a catalyst precursor, toluene as a carbon feedstock and hydrogen as a carrier gas in a semi-continuous system. Benzene solution containing an organic-metallic compound was fed into the reactor using a micro-feeding pump. The reaction temperature is approximately 1200 o C. The following thermal treatment of nanotubes was carried out at 1800 and 2800 o C for 30 min using a graphite resistance furnace operating at a high purity.
Animals, surgical implantation and sampling
One hundred twenty female BALB/c mice, aged 5 weeks, were purchased from SLC (Japan). All the animals were maintained and bred in a pathogen-free animal facility at the School of Medicine, Shinshu University. Experiments were started at 6
weeks of age after stabilization in the facility. The animals were divided in four groups:
control, as-grown MWCNTs and thermally treated MWCNTs at 1800 and 2800 o C (HTT1800 and HTT2800). Each group consisted of 30 animals and was further subdivided into six subgroups, which were scarified for blood sampling from the heart and skin tissue sampling 4 weeks post-implantation. An incision of about 1 cm was made on the back skin of each animal under fluothane anesthesia, and 1 mg of each of the tested materials was embedded subcutaneously. Then, the incision was sutured. As the control, 1 ml of physiological saline as replacement of the tested materials was used.
On the expected date of blood and tissue sampling, each animal was scarified under deep anesthesia using fluothane. Blood was sampled by cardiac puncture for flow cytometry and the levels of cytokines were determined in peripheral blood. Additionally, skin tissues including the muscle layer were sampled for pathological examination.
Flow cytometry
Sampled blood was stained with antibodies against CD4 and CD8 (BD Bioscience Pharmingen, USA) to sort T lymphocytes using a flow cytometer (FACS Calibur, Becton Dickinson, USA). Stained immune cells were analyzed using CellQuest software (Becton Dickinson).
Measurement of levels of cytokines by ELISA
A Q-Plex Array (Quansys Biosciences, Logan, Uhta, BioLegend, San Diego, CA) was used for measuring the levels of cytokines in sampled peripheral blood. We measured 9 different cytokines related to inflammatory reactions (i.e., IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IFN-γ, and TNFα, GM-CSF and RANTES) by ELISA with an optimal dilution of sampled plasma. The LPS levels of the materials used here were not detectable using an Endospecy kit (Seikagaku Kogyo, Tokyo, Japan).
Histology
For conventional histology, tissues were taken immediately after the sacrifice of the animals, fixed in 10% formaldehyde, embedded in paraffin, cut into 5-µm-thick sections, and stained with hematoxylin and eosin.
Statistical analysis
Data were shown as mean ± SE. Significant differences were assessed using the two-tailed Student's t-test and significance was established at the P < 0.05 level.
Results and Discussion
We started this study by examining the types and amounts of various impurities in as-grown nanotubes and how such impurities are removed during high-temperature thermal treatment. Table 1 shows the basic physical and chemical properties as well as impurities of the as-grown tubes and tubes thermally treated at 1800 and 2800 o C.
Effect of Metallic Impurities:
Carbon nanotubes grow through the decomposition of hydrocarbons on nanosized metal particles in a reaction chamber, thereby facilitating the observation of metallic particles at the tip or hollow core of as-grown carbon nanotubes [14, 15] . Very recently, Hurt et al. carried out a systematic study on the iron or nickel bioavailability [11] [12] [13] , and revealed that the metallic impurities within SWCNTs induce the evolved toxicity. Generally, the iron phase both in the hollow cores and/or at the tips of as-synthesized carbon nanotubes consist of γ-iron, α-iron, Fe 3 C and Fe 1-x S [16] . Noticeably, they are insoluble in hydrochloric acid owing to their complete coverage by protective disordered carbons (Table 1) . This is the reason preoxidative treatment is needed to remove deposited carbons covering metal particles before treating the particles with hydrochloric acid for dissolution. Thus, it is appropriate to disregard the effect of metallic impurities in the as-grown samples. However, when they are thermally treated at high temperatures up to 1800 o C, the amount of remaining iron consisting of pure iron and iron oxide is less than 80 ppm. It is worthwhile to note that iron in the tubes thermally treated at 1800 o C completely dissolves in hydrochloric acid (see Table 1 ), indicating that it is present on the outer surface of carbon nanotubes because it diffuses from the inside to the outside and thus may induce toxicity [17] .
However, in the tubes thermally treated at 2800 o C, the amount of residual iron is less than 20 ppm [18] .
Effect of Functional Groups:
The interface property of carbon nanotubes is of great importance when evaluating the toxicity of carbon nanotubes in in vitro and in vivo assays. Sayes et al. [19] have shown a decreased cytotoxicity with an increased functionality of single-walled carbon nanotubes (SWCNTs) using human dermal fibroblasts. In contrast, Magrez et al. [20] demonstrated an increased toxicity with increasing concentraion of chemical surface groups. Functional groups introduced at the side wall of the tubes are important for dispersing SWCNTs, but are considered impurities themselves. We completely removed functional groups on the side wall of carbon nanotubes by thermally treating as-grown tubes at 1800 and 2800 o C in argon because they are unstable under these conditions and are evolved as carbon oxides.
Effect of Disordered Carbons:
In growing carbon nanotubes by exposing hydrocarbons to catalytic particles in a reaction chamber, disordered carbons are inevitably deposited on the outer surface of carbon nanotubes [14] . Even though disordered carbons could be removed by exposing as-grown tubes in the temperature range of 300-550 o C or to strong acids, it is experimentally impossible to remove them completely from carbon nanotubes. They consist of small or undulated graphene layers, and in some cases, have some fraction of functional groups at chemically active edge sites of the graphene layers. From the viewpoint of microtexture, disordered carbons are exactly the same as carbon black [21] . Therefore, they are expected to have a similar biological response to carbon black. High-temperature thermal treatment in argon effectively transforms small aromatic rings (blurred images) to long and straight carbon structures (clear images). Kinetically, they are typical graphitizable carbons that develop in crystalline form by high-temperature thermal treatment [22] .
Effect of Dispersing Agents:
Since SWCNTs are intrinsically bundled owing to the high van der Waals forces of attraction between adjacent tubes, various dispersing agents have been used to prepare nanotube emulsions before in vitro and in vivo assays.
The surface properties of carbon nanotubes could be modified by attaching dispersing agents; however, sodium dodecyl sulfate (SDS) and sodium dodecylbenzene sulfonate (SDBS), which are commonly used for dispersing SWCNTs, are reported to be toxic [23] . Very recently, Morales et al. [24] found that protein-modified carbon nanotubes exhibit reduced pathway activation compared with untreated tubes. Simply stated, dispersing agents are necessary for dispersing highly bundled SWCNTs, despite their being considered impurities themselves because they can markedly alter the surface properties of carbon nanotubes. In this case, we are unable to evaluate the cytotoxicity of pure carbon nanotubes (sp 2 carbon unit). It is difficult to prepare an SWCNT emulsion experimentally without using severe oxidative treatment and a dispersing agent. Very recently, Poland et al. [25] reported that long carbon nanotubes induce inflammation and lesions in abdominal cavities, similarly to asbestos. Before injecting a nanotube emulsion into the peritoneal cavity of a female, they prepared a nanotube emulsion in a sterile 0.5% bovine serum albumin (BSA)/saline solution using ultrasonication. Therefore, we could say that they evaluated the nanotube/BSA hybrid structure, not pure carbon nanotubes, according to their protocol. Karajanagi et al. [26] proved the good dispersing ability of BSA for SWCNTs because BSA molecules attach to (or adsorb onto) the surface of SWCNTs in an irregular pattern [27] . Fortunately, the multi-walled carbon nanotubes used in our study have an average diameter of 80 nm and a low ability to form a bundled structure. Thus, we could prepare a stable nanotube emulsion under mild sonication without chemical treatment and the use of dispersing agents, which is another advantage of the use of pure crystalline MWCNTs.
Effect of Chlorine Atoms:
As a general means of removing metallic impurities and disordered carbons from HiPco-based SWCNTs [28, 29] , the combined air oxidation and hydrochloric acid treatment has been commonly used. Air oxidation is effective for etching disordered carbons as well as for opening carbon-covered metal particles at the tip or hollow core of carbon nanotubes, so that hydrochloric acid could easily dissolve metallic impurities. In the dissolution in hydrochloric acid, we found that chlorine atoms are effectively attached to the active sites of carbon nanotubes; that is, the catalytically grown tubes have defect sites that show a high chemical reactivity to chlorine atoms (Fig. S1 (b) ). Thus, hydrochloric acid-treated tubes have some chlorine atoms (0.08 atomic %). We expect that the introduced chlorine atoms modify the biocompatibility of carbon nanotubes to some degree. In this sense, hydrochloric acid treatment should be avoided in preparing standardized pure clean carbon nanotubes for use as reference samples.
Effect of Polycyclic Aromatic Hydrocarbons:
The presence of PAHs is inevitable in catalytically growing carbon nanotubes. Moreover, 15 aromatic hydrocarbons including four different kinds of toxic PAH are formed in nanotube synthesis [30] . Here, we proved that tubes thermally treated at 1800 and 2800 o C in argon have no small molecules, even though as-grown tubes have a portion of small molecules. We also confirmed the absence of low-molecular-weight molecules in tubes thermally treated at 1800 and 2800 o C by analyzing acetone-dissolved solutions using GC-MS (Fig. S2 ).
Thus, we are able to disregard the effect of PAHs when evaluating the biological responses of thermally treated tubes in our study, since low-molecular-weight PAHs are easily removed from the tubes below 500 o C in an inert atmosphere.
Purity of Carbon Nanotubes:
We determined the purity of carbon nanotubes with regard to carbon nanoparticles in our sample because the as-produced spherical carbon black exhibits moderate toxicity [31] . The nanotube purity of our sample is ca. 98%
(based on detailed SEM observations); in addition, the carbon nanoparticles are dissimilar to carbon black particles. For example, they have no disordered carbons with active dangling bonds, PAHs, or oxygen-containing functional groups because they are thermally treated at high temperatures up to 2800 o C in argon. Thus, although they are morphologically similar to carbon black, they are dissimilar to carbon black from the viewpoint of microtexture. The surface property of nanosized materials is the key factor for evaluating cytotoxicity.
Examination of Toxicity of Carbon Nanotubes:
We chose subcutaneous implantation because subcutaneous insult could trigger systemic toxicities. Thus, the application of blood screening methods for evaluating the systemic response to particle exposure of the local organs such as the lungs will aid in predicting possible toxicity and, consequently, in establishing strategies for the safe handling of nanomaterials. In addition to serum parameters, the levels of cytokines, which come in contact with all tissues and contribute to homeostasis, provide valuable information on the health or disease status of the body.
Note that high-temperature thermal treatment is an effective means of removing impurities within the tubes [16, 18] . Experimentally, contaminated (as-grown), iron-contaminated (HTT = 1800 o C) and highly pure and clean (HTT = 2800 o C) tubes were subcutaneously implanted into mice (n = 5 per group) for up to 4 weeks. The mice implanted with the as-grown and iron-contaminated tubes exhibited severe hair loss (Figs. 1 (b, c) ) and thick, hard callus formation ( Fig. 1 (f, g) ) ( Fig. S3 (b, c) ). However, highly pure and clean tubes-implanted mice do not experience any skin hair loss ( Fig. 
S3 (d)).
Histologically, the as-grown tubes showed inflammatory cells located around them ( Fig. 1 (j) ) that were encapsulated tightly by granuloma tissue. A prominent inflammatory component and a marked follicular dystrophy appeared near these hair loss regions. Perifollicular inflammatory cells progressively focused on hair follicles, in association with an enhanced disruption of root sheath growth and hair fiber production.
Such inflammatory aspects for the iron-contaminated tubes ( Fig. 1 (k) ) were less pronounced than those for the as-grown tubes. The highly clean tubes showed a slight cell infiltration and a slight granulomatous reaction.
Additionally, with regard to the changes in the CD4 + level, CD8 + level, and CD4 + /CD8 + ratio of peripheral T-cells for the subcutaneously implanted tubes (Fig. 2) , we found no marked changes in CD4 + level for any of the samples, but we observed a high CD8 + level and a high CD4 + /CD8 + ratio for the as-grown and iron-contaminated tubes.
We have previously reported that the major histocompatibility complex (MHC)
class-I pathway of the antigen-antibody response system is enhanced in SWCNTs and that both MHC classes I and II are inactivated in MWCNTs [7] . Here, we showed that
MWCNTs inhibited both MHC class-I and class-II pathways. Also, the contribution of the T cell subset to the MWCNTs used here depends on the Th2 pathway, which can be Additionally, the increased IL-4 level in mice with allergic dermatitis was closely related to the extent of exacerbation of allergic dermatitis, which is quite consistent with previous study [32] . Furthermore, IL-10 is an important anti-inflammatory cytokine for alleviating allergic dermatitis; it combines with IFN-γ and then counteracts IL-4 of allergic dermatitis. Thepen et al. [33] suggested that Th2 cells play an important role in the pathogenesis of allergic dermatitis in humans by releasing cytokines that mediate, promote, and maintain the inflammatory cascade, and consequently the occurrence of skin lesions. Also, Zhao et al. [34] ascribed an increased CD4 + /CD8 + ratio from spleens of C57BL/6 mice with induced allergic dermatitis to a decreased in the number of CD8 + cells, an event that resembles Th2-cell-mediated atopic dermatitis in human [35] .
Hawrylowicz and O'Garra [36] also observed an increased IL-4 level and decreased IL-10 and IFN-γ levels in a mouse model in their study of allergic dermatitis. Based on such studies, our model of subcutaneous nanotube implantation demonstrated here is considered to be useful for evaluating the biocompatibility of carbon nanotubes.
Histologically, dystrophic hair follicles are the focus of peri-and intra-follicular inflammatory infiltrations in highly contaminated MWCNT-implanted mice. Although we did not investigate the immunohistological aspects on the section of samples, histopathologic examination suggested a significant infiltration of mainly CD4 + and CD8 + cells in and around the hair-loss (alopecia) region [7, 35, [37] [38] [39] .
We clearly showed that alopecia was induced in the mice implanted subcutaneously with as-grown-MWCNT (having a variety of impurities). Moreover, we showed a significant decrease in the number of CD8 + T helper cells and a significant increase in the levels of preinflammatory cytokines related to the pathway. Following dermatological investigations of the alopecia, the local skin of mice exhibiting alopecia showed upregulation of IL-4 in the histological section on immunohistochemistry [40] [41] [42] [43] [44] [45] [46] . The preinflammatory cytokines IL-6 and TNFα were expressed at increased levels in only the mice showing alopecia. Furthermore, the expression levels of the Th1-and Th2-associated cytokines IL-10 and IL-4 as well as IL-12 and IFN-γ were elevated in the mice showing alopecia. The etiology of alopecia remains to be unequivocally defined; however, there is increasing evidence of alopecia being an immunological disturbance [42] . In this study, we showed that impurities within the tubes induce severe immunological reactions, not only on the local skin area near the implanted material, but also in sites of systemic immunological responses. As-grown tubes induced extreme hair loss and abrupt increases in the levels of Th1-and Th2-associated cytokines (i.e., IL-4, IL-6, IL-10 and IFN-γ) [42] . In addition, we found that the as-grown-tube-implanted mice showed significant increases in IL-3, IL-5 and IL-9, but not IL-12, indicating that the main pathway of immunological reactions with a variety of impurities within the tubes involves Th2-associated toxic action. Interestingly, for the tubes thermally treated at 1800 o C, the levels of cytokines such as GM-CSF and chemokines such as RANTES increased significantly very similarly to those for the as-grown tubes, suggesting that these cytokines is highly sensitive to an iron on the outer surface of the tubes.
As regards the effect of metallic impurities, Lam et al. [5] reported that pulmonary disturbances may be caused by the activation of metal catalysts within the tubes.
Shvedova et al. [4] suggested that the MWCNT exposure of human epidermal Martin et al. [47] suggested that transition metals can be highly oxidative in biological systems. In vivo, transition metals still have little effect on macrophages, but may have a proinflammatory effect on epithelial cells. Particles can affect both macrophages and epithelial cells, which may result in a potential enhancement of inflammation. Also, Weis et al. [48] suggested that IL-4-mediated enhanced uptake and storage of iron in macrophages represent a control mechanism during chronic inflammatory processes to 
Conclusions
Here, we demonstrated the strong dependence of the types and amounts of impurities within carbon nanotubes on the evolved toxicity of such tubes. We found that the origins of the toxicities acquired from as-grown tubes and tubes thermally treated at Control As-grown HTT1800 HTT2800
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